Hydrology is an old discipline due to its early origination, as well as a young discipline due to its insufficient scientific foundation as a natural science. Thus hydrology has long been haunted by a debate between natural functionalities found in observations vs. model results built on many simplified assumptions. We define the hydrological maze as puzzles, paradoxes, or complexity involved in hydrologic measurements and interpretations. The objective of this study was to reveal the hydrological maze through a comprehensive review of decades of work since the 1980s on observations and experiments using a combination of natural and artificial catchments at the Chuzhou Hydrology Laboratory in China, highlighting the role of hydropedology in hillslope and catchment hydrology based on long-term monitoring of surface and subsurface flows at various soil depths and at different spatial scales. A conception has emerged that indicates the fundamental control of hydropedological factors (such as soil types, soil properties, and their spatial variations) as the trigger for the hydrological maze, including runoff generation, runoff composition, flow heterogeneity, and various hydrological puzzles. It is clear that the vadose zone is the key source for nonlinear and dissipative complexity in the hydrological maze that is intertwined with hydrochemical and hydroecological dynamics. Therein lies the hope for new hydrological insights and possible solutions to the hydrological maze.
Abbreviations: EI, expellant interflow; ES, saturated expellant surface runoff; FDR, frequency-domain reflectometry; HES, Hydrological Experimental System; LI, lateral saturated interflow; MI, macropore interflow; MS, mixed-saturated surface runoff; RS, return flow; SOF, saturation excess overland flow; SSSL, saturated surface soil layer.
Early in 1986, Klemes warned that "hydrology is as yet lacking a solid scientific foundation needed for its development as a natural science" and raised the question of "transition or destiny" (Klemeš, 1986) . However, after about two decades, McDonnell et al. (2007) noted that "we are theory-limited in catchment hydrology," and Sivapalan (2005) worried that "catchment hydrology is trapped in a dead-end track, a theoretical impasse." It is refreshing to ponder what may be the causes of such a status quo.
Hydrology is needed to answer more and more complex questions that demand a regeneration of hydrological fundamentals, yet it appears to be still deeply rooted in empiricism, with many stereotypes, giving seemly the right answers but not necessarily for the right reasons (Kirchner, 2006) . Beven (2006) pointed out that scientific hydrology "is actually used in virtually none." For instance, river discharge and the hydrograph are the most commonly measured in watershed hydrology, but their compositions remain mostly descriptive or qualitative via inference rather than measurement, and runoff sources are described quantitatively by graphical flow separation (Dingman, 2015) that often seems arbitrary and unreasonable for natural catchments despite the increasing use of isotopic separation (Gu, 1996a (Gu, , 1996b Gu et al., 2013) . In engineering applications (e.g., rainfall-runoff modeling), it is mostly estimated by a graphical method with curve numbers that have had a 50-yr history as something known to "not work" (Hawkins, 2014) .
Hydrology is, by its very nature, an outdoor experimental science, and critical hydrological hypotheses depend on well-designed field studies. Yet field-based hydrologic studies have declined seriously in the past 50 yr or so. Burt and McDonnell (2015) chronicled such a decline by looking back on 50 yr of Water Resources Research (WRR) publications and showed that "in the first year of WRR in 1965, nearly half the papers contained an element of field studies; now field-based papers are 10% at best of what is published and this continues to decline." They even asked: "Field work: A dying art?" Such a decline may fall into a vicious circle due to the fact that some inherent risks are also associated with field work. This encourages researchers to flinch from field study and replace it with modeling. It impedes deep exploration of concepts that are different from or contrary to current classic paradigms, e.g., the enormous heterogeneity, the ubiquitous preferential flow, the nonlinear and non-additive function, and the varying generation mechanisms of complex runoff components.
As computing power has become less expensive and field work more expensive (and risky compared with modeling work), "There has been a movement away from field work and towards an almost complete dependence on modeling" (Kirkby, 2004, p. 16) , leading to "an era of largely model-only research" (Burt and McDonnell, 2015) . However, it appears that "making models work for the right reasons is wholly dependent on our ability to characterize and understand mechanistically such processes in the field" (Burt and McDonnell, 2015) . Even the most "physically-based" models of hydrologic systems are often challenged by two main issues: First, they are "based on an implicit upscaling premise," assuming that microphysics in the heterogeneous subsurface will "scale up" such that the behavior at the model's grid scale will be described by the same governing equations (e.g., Darcy's law and Richards' equation), only with state variables and "effective" parameters (Kirchner, 2006) . These models are usually over-parameterized and also heavily based on calibrations as the main remedy, running into the "equifinality" problem (Beven and Binley, 1992) . Second, without exception they are based on balance equations and classic linear gradient-flux relationships (e.g., Darcy's law and Fick's law that are derived from small-scale physics and are different from real behaviors in catchments). Beven and Germann (2013) challenged the Richards equation that "may be predicated on the wrong experimental method for natural conditions." Blöschl (2005) and many others have clearly noted that "in the Darcy example, the geometry of soil pores is far more complex than a bundle of tubes." Despite all this recognition, modern approaches for modeling hydrologic systems still have to use these problematic equations and "go further and further down the rabbit hole of model uncertainty estimation" (Burt and McDonnell, 2015) . A more unified and holistic theory as called for by Sivapalan (2005) is still on the way, depending on experimental efforts. Education also needs to be the antecedent: "field work's primary purpose must be to teach our students to be curious, to look, to collect data, to test existing ideas, to develop new hypotheses, including outrageous ones" (Burt and McDonnell, 2015) . Now is indeed an exciting time for hydrologists and experimentalists to rise up for a new era of scientific hydrology to deal with the "hydrological maze."
Here, we define the "hydrological maze" as puzzles, paradoxes, or complexity involved in hydrologic measurements and interpretations, including concepts that refute preconceived classic ones and skeptical inquiries into unrealistic hypotheses, fetishistic equations and laws long dominating watershed hydrology, unreasonable newly developed modeling and measuring methods, and thoughtful but failed hydrological experiments that might lead to ultimate findings needed for the long-hoped new theory of catchment hydrology. Consequently, the objective of this review is to reveal the hydrological maze through a comprehensive review of decades of work since the 1980s on observations and experiments using a combination of natural and artificial catchments at the Chuzhou Hydrology Laboratory in China. We hope to highlight the role of hydropedology in hillslope and catchment hydrology based on long-term monitoring of surface and subsurface flows at various soil depths and at different spatial scales and offer some new insights that may lead to a possible solution to the hydrological maze.
Field Hydrologic Facilities
A multitude of hydrologic basin studies have appeared since the early 20th century in many parts of the world, e.g., the Coweeta Hydrologic Laboratory in North Carolina since 1934 (Douglass and Hoover, 1988; Jewitt, 2005) , the Valdai of the former Soviet Union since 1933 (Wuleiwayev, 1953) , and the Bluebrook of China since 1953 (Gu and Liang, 1965) . These were followed by a worldwide development initiated by the Representative and Experimental Basin Program proposed by the first International Hydrological Decade (IHD) of UNESCO in 1965, which has continued for more than half a century up until now. Indeed, many breakthroughs in watershed hydrology have been achieved during this period. However, it appears that "most field experiments and observations in watershed science to date remain largely descriptive … and their results have been difficult to generalize" (McDonnell et al., 2007) . If we can designate the first phase of the hydrologic basin study (until about the middle of the 20th century) as foundational and the second phase (during and after the first IHD) as developmental, it would appear that experimental watershed hydrology is now inevitably going into the third phase of transition and innovation (Gu et al., 2013) . This is mainly because of the following:
1. Basin study designs have been mostly limited by the blackbox concept and "continue to be driven by a desire to increase VZJ | Advancing Critical Zone Science p. 3 of 27 precision in quantification rather than to develop or test theory" (McDonnell et al., 2007) .
2. Basin study operations have been substantially bounded by conceptions of surface hydrology rather than an integrated system from the top of the vegetation canopy through the ground surface to bedrock or aquifers (i.e., the so-called Critical Zone).
3. All of these experimental watersheds (with an estimated total of ?3000) monitor only total runoff at the stream outlet, while the subsurface runoff components are not measured directly but only estimated by hydrograph separation methods either graphically or analytically. Thus, the generation mechanisms of various runoff components (especially that from the vadose zone) can only be inferred indirectly by hydraulics and/or other methods.
To deal with hydrologic replumbing and natural climate oscillations as a fundamental challenge in watershed hydrology, new ways different from the current basin studies have been developed in many countries, e.g., artificial catchments in Biosphere II (Gevaert et al., 2014) and Chicken Creek (Gerwin et al., 2009) , as well as the Critical Zone Observatories in the United States (Brantley et al., 2017) .
In China, following many vicissitudes during the last decades since the establishment of the first watershed experimental station, the Bluebrook, in 1953, the operation of most experimental watersheds has been stopped. Many lessons have been learned and some of the experimental watersheds are in need of renovation (Gu, 1993; Gu et al., 2004) . The idea of the necessity of a Hydrological Experimental System (HES) was conceived by Gu (1987) and Gu et al. (2013) while summarizing the experiences from the Chinese basin studies of the last decades. The concept of a HES is based on a two-way multiscale approach to couple natural and artificial systems while both will include different spatial scales in series from monolith to hillslope, subwatershed, and watershed and will couple the "upward or bottom-up approach" with the "downward or topdown approach" (Sivapalan, 2005 The Nandadish: A Natural Catchment
The Nandadish is a forested catchment bounded by surface topographical divides, with a surficial drainage area of 7897 m 2 , and its subsurface is bounded by natural bedrock at its bottom (Gu et al., 2013) . The cover during the catchment's construction in 1979 was natural grass with small shrubs and a few Masson pines (Pinus massoniana Lamb.) aged 5 to 6 yr. Since then, the land cover has shifted to a dense forest with a canopy height of ?8 m. The entire catchment may be viewed as a large soil dish resting on consolidated bedrock of the concordant body of andesitic and tuffaceous facies with a thin weathered layer. The surficial topography is shown in Fig. 2a , while the bedrock topography is shown in Fig.  2b , which was surveyed via 69 drillings. The overlying Quaternary regolith consists of brunisolic soil of heavy loam and medium and clay loams with a vadose zone thickness of 1 to 7 m (with an average thickness of 2.5 m) (Fig. 2c) . This catchment has deeper soils near the divide but only about 1 m thick near the outlet, making the catchment easy to close via a concrete wall installed to the bedrock at the outlet. Within the vadose zone, horizontal and vertical fissures and cracks have developed in the upper regolith, with prismatic and blocky soil structures. The altitudinal difference in the watershed approaches 12.9 m, with a surface slope ranging from 6.7 to 17.1%. The surface and subsurface runoff including interflow are monitored directly via troughs constructed in the original trench, extending upslope, and draining into dischargemeasuring structures (Fig. 2d ). Instrumentation installed includes (1), surface runoff (2,3), interflow (from trough 30 cm below the surface prior to renovation in 2008 and changed to 50 cm after renovation due to the growing root zone of trees) (4,5), interflow and groundwater (down to bedrock, identified by groundwater depth) (6), and total runoff (7)-among these, 1, 3, 5, and 6 are V-notch sharp-crested weirs while 2, 4, and 7 are full-width rectangular sharp-crested weirs (not shown are nearby tracking gauges that record the water head of all weirs); and (e) distribution of the main measurement sites for rainfall, soil moisture, and groundwater in the Nandadish catchment from 1981 to 1995. The background color and contours are surficial topography and its contour lines.
rain gauges, a neutron gauge, and frequency-domain reflectometry (FDR) for soil moisture and wells for groundwater level, among others (Fig. 2e ).
The Hydrohill: An Artificial Catchment
The artificial Hydrohill catchment (Gu, 1988 (Gu, , 1990 , with a drainage area of 490 m 2 by horizontal projection via plane surveying or 512 m 2 including the inclined surface, is situated on a small andesitic hill. The entire hillslope was first excavated to fresh bedrock with an area of ?4700 m 2 that was prepared for artificial catchments, of which the Hydrohill was the first. A concrete aquiclude was created above fresh bedrock and had two intersecting slopes dipping toward each other at 10° with an overall downslope gradients of 16.9° (Fig. 3a) . Impermeable concrete walls enclose the catchment on all sides to prevent any flow of water across the catchment boundaries (Fig. 3a) . Silt loam soil was filled in above the concrete aquiclude, layer by layer, using soils from an adjacent agricultural field near the Hydrohill. The bulk density of the soil was controlled during the infilling to approximate the natural soil profile nearby. Hence, the final 1-m soil profile approximates the natural soil profile. The natural grass cover was kept over the soil surface. After infilling, the entire catchment's soil mass was allowed to settle for 3 yr before measuring facilities were installed ( Fig. 3b) . A central drainage trench was then excavated at the intersection of the two slopes, and the surface runoff collection instrumentation was installed. This artificial catchment began operation in July 1982 (Fig. 3d ).
Five 40-cm-wide and 40-m-long stainless troughs were installed longitudinally in the trench at the center of the Hydrohill ( Fig. 4a and 4b). These troughs are stacked on top of each other to create a set of long zero-tension lysimeters. Each trough has a 20-cm stainless lip that extends horizontally into the soil layer to prevent leakage between layers. The uppermost trough collects precipitation; the next lower trough collects surface runoff (SR). The next three lower troughs collect subsurface flow from soil layers spanning the depths of 0-30, 30-60, and 60-100 cm (herein referred to as SSR30, SSR60, and SSR100 troughs) ( Fig. 4a and 4d ). In general, runoff collected from Trough SSR30 is the interflow from the unsaturated zone, but that from Trough SSR60 will depend on the depth of the saturated zone (i.e., the groundwater table fluctuation at the Hydrohill). When the saturated zone table (plus its capillary fringe) is lower than the trough, then the runoff measured in SSR60 is the interflow from the unsaturated zone; otherwise, it is the groundwater flow from the saturated zone. Water collected in the troughs is routed through V-notch logarithm weirs located in a gauging room (Fig. 4c) , which is right below the catchment, where discharge is continuously monitored. Water samples are collected manually above the ponding at the weirs (Fig. 4d) . A network of 21 aluminum alloy access tubes of neutron gauges for soil moisture measurement were constructed before 2012. Since then, all aluminum alloy access tubes have been replaced by 31 automatic profile soil moisture sensors. Water table measurements and groundwater sampling are performed through 21 galvanized-tube wells with pressure transducers (LEV1, Adcon Telemetry, with precision of 0.1%). The wells were drilled to the artificial aquiclude and are slotted along the lowermost 20 cm.
6 Hydropedological Factors as "Creator" of Runoff As the response to precipitation input at the outlet of a watershed, a hydrograph involves various components with respect to their sources. These components have been described by ratiocination as shown in Fig. 5a as surface runoff, groundwater runoff, and intermediate runoff (Bogosloufski et al., 1984) , and later, based on some experiments as shown in Fig. 5b , as overland flow, subsurface flow, and groundwater flow (Musy and Higy, 2011) . Both the intermediate runoff in Fig. 5a and the subsurface flow in Fig. 5b may reveal the contributions from the unsaturated zone between the land surface and the saturated zone. From the specially designed measuring system at the Hydrohill and the Nandadish since the 1980s, various runoff components induced by rainfall events have been observed. They were classified as surface runoff and subsurface runoff that includes interflow from the unsaturated zone and groundwater flow from the saturated zone (Gu, 1988) . These runoff components revealed different watershed processes as summarized in Fig. 5c and Fig. 5d .
Even though the three runoff components were identified by hydrometric observations from the troughs (Fig. 5c ), they were not conclusively established until 1989 via water tracing by their different water stable isotope (d 18 O) signatures (Kendall and Gu, 1992) , pH values, and Ca 2+ concentrations, showing their individual characteristics as being different from that of rainfall (Fig. 6 ).
Here, we call the interflow formed in the unsaturated zone during rainfall events that contributes directly to the overall runoff of a catchment as direct interflow from the unsaturated zone, which is a clear signal of a hydropedological factor that influences runoff components. This is further discussed below.
The Overall Contribution of Direct Interflow from the Unsaturated Zone
Interflow was defined decades ago (Jewitt, 2005; Kirkby, 1978; Amerman, 1965) and sometimes it was defined as the "saturated (saturation) throughflow" for lateral flow in the soil under saturated conditions (Calver et al., 1972, p. 197-218) or "unsaturated subsurface flow" (Dingman, 2015, p. 323-328) . At the Hydrohill, interflow is collected in the troughs installed at the 30-cm depth (SSR30) and sometimes at the 60-cm depth (SSR60), while at the VZJ | Advancing Critical Zone Science p. 6 of 27 Nandadish, it is collected from the SSR30 trough only. However, interflow in the Nandadish could also occur from the unsaturated zone through waved mounds and then flow out on the ground surface as return flow that is collected by the SR trough.
To differentiate such interflow, we define those directly measured from SSR troughs as the direct interflow. Our monitoring data allowed the estimation of the direct interflow's contribution to the overall catchment runoff for every runoff-generation event (defined as a precipitation event that can cause any kind of flow increase at the outlet of a catchment except channel interception), no matter what the path that surface or subsurface runoff may take. The measurements during the monitoring period at the Hydrohill included event precipitation and its intensity, surface runoff, interflow from the unsaturated zone, groundwater flow from the saturated zone, distributed soil profile moisture content, and distributed groundwater level.
From 1982 until 1995, a total of 375 runoff-generation events were captured. On average, the total subsurface contribution from these events accounted for 43% of the total runoff (Fig.  7a) . Within the subsurface contribution, the total contribution of direct interflow from the unsaturated zone accounted for 63% of the total subsurface contribution (Fig. 7a) , including 54% from the SSR30 trough and about 9% from the SSR60 trough. This means that during the approximately 13 yr of monitoring at the Hydrohill, 27% (i.e., 43 ´ 63%) of the total runoff was contributed by the direct interflow from the unsaturated zone. Nevertheless, this averaged 27% is an underestimation of the total contribution to runoff that the unsaturated zone could make, as illustrated in Fig. 7b with a typical annual precipitation of the area (?1000 mm yr −1 ). Here the total subsurface contribution accounted for 59% of the total runoff (Fig. 7b) , and the direct interflow from the unsaturated zone accounted for 72% of the total subsurface contribution, including 68% from the SSR30 trough and about 4% from the SSR60 trough. Hence 42% (i.e., 59 ´ 72%) of the total runoff in that year was contributed by direct interflow from the unsaturated zone.
Runoff Generation: How Does the Unsaturated Zone Contribute?
Field experiments for runoff generation have been explored for many decades; however, some of its mechanisms remain elusive. Through our decades of research at the Hydrohill and the Nandadish, the generation mechanisms of various runoff components have been identified, which are summarized in Fig. 8 as 11 types, within which a few types happened only in the Nandadish. Interestingly, many of them (at least six) are directly related to the unsaturated zone, including direct interflow from the unsaturated zone, ubiquitous preferential flow including macropore flow in the unsaturated zone, and the indispensable contribution of the soil behind surface runoff generation. These are further elaborated in the following.
Generation of Direct Interfl ow from the Unsaturated Zone
Subsurface flow can rapidly contribute to a rainfall event hydrograph, including interf low from the unsaturated zone and groundwater flow from the saturated zone. Four types of interflow have been identified (Fig. 8 ):
1. Lateral saturated interf low (LI), which occurs where there are soil layers with contrasting bulk density and/or hydraulic conductivity. For example, some soil profiles at the Nandadish have a mean bulk density of 1.59 g cm −3 in the soil layer at the 30-to 100-cm depth, which is higher than that of its overlying 0-to 30-cm surface layer of 1.31 g cm −3 . In this case, the infiltrating water can approach the interface between these two layers and accumulate there until saturation; then interflow is induced laterally (see an example in Fig. 9 ). However, LI was not observed at the Hydrohill because no obvious vertical stratification of bulk density appeared in the soils of the Hydrohill.
2. Piston-like expellant interf low (EI): During percolation, soil water in the unsaturated zone moves downward toward its drainage interface (e.g., on the capillary fringe of the groundwater and/or at the interface of a drainage trench). It accumulates gradually and approaches saturation with a still negative matrix potential until being shifted from negative to zero by additional percolation via an additional rainfall event. Once the threshold of zero potential is passed, then a sudden release of the accumulated soil water would happen by pressure gradient in a pistonlike movement. It is a forced push, so we call it expellant interflow. This is characterized by the 18 O being different from that of event rainfall but similar to that of soil water. Such a process sometimes can happen within a partial area of the catchment. with annual precipitation close to the annual mean (?1000 mm) in that area; SR is surface runoff, CR is channel runoff, and SSR30, SSR60, and SSR100 are subsurface runoff collected from troughs at the 30-, 60-, and 100-cm depths, respectively (see Fig. 4 ).
p. 10 of 27 structural fissures, plant root passageways, and animal burrows. The runoff occurring in the unsaturated zone via these macropores is labeled as MI. Our infiltration experiment using 113 I as a tracer has demonstrated this (Gu, 1988 ). An investigation into fissures was performed in an area of 900 cm 2 at the Nandadish. The total length of horizontal fissures was 60 cm and that of vertical fissures was ?100 cm, and the largest width of these fissures was 2 mm. At the Hydrohill, various macropores were also visible 3 yr after soil infilling, with the development of natural vegetation roots.
Return flow (RS):
This term is defined by Dunne and Black (1970) as "infiltrated water that returns to the land surface having flowed for a short distance in the upper soil." In our work, we found return flow in the natural catchment that had flowed on the land surface for a distance instead of the upper soils (Fig. 9 ). Uneven slopes with slope breaks and multiple concave surfaces cause complex spatiotemporal variations in soil water, as we have observed in natural catchments. It is interflow at first but becomes a part of surface runoff, so it is termed return flow. An example of this flow occurred at the Nandadish as shown in Fig. 9 , where the mean d 18 O of flowing water was −9.25‰, revealing a mixing with event rainfall with a mean d 18 O of −11.30‰ and the stored soil water with a mean d 18 O of about −7.28‰.
Generation of Surface Runoff and Why Surfi cial Soil's Act is Indispensable
Horton (1933) initiated a paradigm shift in the field of hydrology when he proposed the theory of overland flow generation. For surface runoff, classification of the process mechanisms in the response of a hillslope to rainfall was summarized by Beven (2012) , including: infiltration excess overland flow, partial area infiltration excess overland flow, and saturation excess overland flow. In our work at the Hydrohill and the Nandadish, Hortonian overland flow occurred only sporadically within the surface of the catchments. It has been observed that to generate surface runoff during a rainfall event, a sufficient condition appears to be the formation of a saturated surface soil layer (SSSL) regardless of the amount and intensity of event rainfall (Gu and Freer, 1995; . Once a SSSL is formed, surface runoff is generated immediately regardless of its thickness. The thickness of the SSSL was found to be between 5 and 50 mm from our observations over the years (see examples in Fig. 10 ). This mechanism is similar to the saturation excess overland flow (SOF), which is defined as the surface runoff occurring where the soil is saturated (Cappus, 1960; Dunne and Black, 1970; Carson and Kirkby, 1972; Beven, 2012) . However, the distinction between the SSSL mechanism and the SOF is twofold: (i) the sufficient condition of runoff generation is the establishment of a SSSL at the land surface, while the SOF mostly does not develop a SSSL to form overland flow as in the infiltration excess overland flow (Horton, 1933) or the partial area infiltration excess overland flow (Betson, 1964) ; and (ii) the surface runoff observed in both the Hydrohill and the Nandadish catchments generated by different rainfall events with varying amounts and intensities shows their composition of d 18 O and ions sometimes to coincide with that of the event rainfall but not in most cases. It reveals the hidden mechanism in the SSSL, which was identified from comparison of event d 18 O and ions with that of event rainfall and soil water.
From our work at the Hydrohill and the Nandadish catchments, four types of surface runoff have been identified, as elaborated in Fig. 11 , with three of them linked to soils (see also Fig. 6 ):
1. Direct overland runoff occurs only above the impermeable surface (Fig. 11a ).
2. Saturated overland runoff is generated over a SSSL that exists before the rainfall event or appears during the event including Hortonian overland flow (Fig. 11b) .
3. Mixed-saturated surface runoff (MS) is generated within the SSSL with turbulent mixing of event and pre-event water stored in a SSSL (Fig. 11c) . The mixing is due to the degree of slope of a SSSL; especially when lateral hydraulic conductivity is far larger than that in the vertical direction, event rainfall will mix and carry the pre-event water in a SSSL to produce MS.
Saturated expellant surface runoff (ES)
is generated when a thick SSSL exists and a low-intensity rainfall occurs; the preevent soil water will be expelled by piston-like flow (Fig. 11d) . The isotopic composition of ES is almost the same as that of the soil water in the SSSL before the rainfall event, which means that ES is not from the rainfall event nor does ES mix with pre-event water.
Groundwater Flow Generation Mechanisms
In addition to the generation mechanisms of surface runoff and interflow from the unsaturated zone, one of the runoff components that flows out from the saturated zone to join the watershed runoff during rainfall event is groundwater flow. This term was defined by Kirkby (1978) , but there are other similar terms often used, e.g., flow in porous media that is fully saturated with water as described by the groundwater flow equation (Beckie, 2005) , saturated flow as described by Darcy's law (Stauffer, 2005) ; saturated groundwater flow (Dingman, 2015) and subsurface stormflow (Hewlett, 1961) . We found that the runoff component measured from Trough SSR100 (i.e., from the saturated zone) at the Hydrohill and the Nandadish joining the event runoff has a specific isotope signature that is different from that of event rainfall, revealing different generation mechanisms, so we call such a flow the groundwater flow (note that our study catchments do not have a permanent water table, so the groundwater here refers to transient saturated flow). There are three types ( Fig. 8 ):
1. When the water potential within the saturated capillary fringe increases from negative to and/or greater than zero, the saturated water will then be pushed out. This is called expelledsaturated groundwater flow.
A seepage flow that occurs while the water table of the saturated zone rises is Darcy groundwater flow.
3. Similar to macropore interflow (MI), there also exists macropore groundwater flow (MG) where wormholes and grass roots have developed in areas with intermittent saturation.
Rainfall-Runoff Relationship: The Signifi cance of the Unsaturated Zone
The empirical rainfall-runoff relationship is initiated by a simple correlation between the hydrometrically measured event precipitation amount and the corresponding runoff amount at a watershed outlet. Figure 12a shows an example of such a traditional empirical correlation: from the scattered data points, a set of runoff coefficients ranged from 0.4 to <0.1 is grouped but no explanations or mechanisms can be seen (Suokulovski, 1959) . Similar to this, the USDA curve numbers (Fig. 12b) were developed based on such empirical relationships. A more complex coaxial correlation diagram for the rainfall-runoff relationship (e.g., that described by Linsley et al., 1949) has also appeared in the literature.
From our 13 yr of monitoring of the different runoff components, a similar correlation between event precipitation and event runoff (including surface runoff, subsurface runoff from the unsaturated zone, and that from the saturated zone) is plotted in Fig. 12c . It shows a clear scattering of data points, even though the Hydrohill is a small catchment with a single vegetation cover. Figure 12c suggests that the scattering of data points including that of surface runoff following the classical rainfall-runoff relationship is caused by different runoff components with different sources of water.
6 Hydropedological Factors as "Originator" of Heterogeneity
Heterogeneity is ubiquitous at all watershed scales, and the complex behavior in hydrology (including nonlinearities, nonadditivities, and others) often can be attributed to such strong heterogeneity (Sivapalan, 2005; McDonnell et al., 2007) . It creates a dilemma for hydrological modeling, and the scale of model elements and their parameters remains a lingering challenge. What appears amazing from our work is that the hydrological heterogeneity often occurred unexpectedly within the surface and subsurface domains during rainfall-runoff events even in watersheds with drainage areas as small as ?500 and 8000 m 2 (such as those at the Hydrohill and the Nandadish). It is well known that soil is heterogeneous at widely different scales, from the pore scale to the pedon and hillslope scales. Thus, it is expected that soil heterogeneities manifest into hydrological heterogeneities during rainfall-runoff events.
The Heterogeneity of Soil Water Distribution
Soil Water Content at the Nandadish Catchment
Soil water content was measured using a neutron moisture gauge from 34 access tubes distributed throughout the Nandadish catchment from near the soil surface down to the bedrock (Fig .   Fig. 12 . Classical curves showing event rainfall vs. event runoff: (a) experiment on runoff coefficient (Suokulovski, 1959, p. 367-371) , where h is runoff and H is rainfall; (b) USDA-SCS Curve Number method showing event rainfall vs. event runoff (Hingray et al., 2014) ; and (c) event precipitation vs. event runoff based on the data collected from the Hydrohill from 1982 to 1995 with a total of 375 events, differentiating surface runoff, interflow from the unsaturated zone, and groundwater flow from the saturated zone.
p. 14 of 27 2e). Measurements were taken at depths of 30, 60, 90, 120, 150, 200, 300, 350, 400, 450 , and 500 m below the ground surface. The monitored volumetric soil water content represents a mean value from a spherical area, where the radius r (cm) of such a sphere (the sphere of importance) depends on the soil water content q. Our laboratory calibration shows that for the soil at the Nandadish catchment, r = 100/(1.35 + 9.5q), which is similar to the IAEA equation (IAEA, 1970) and which can generally be treated as a volume of ?25 cm in radius. An example for the spatial distribution of vadose zone water content in various deposit layers at different depths is shown in Fig. 13 . During this measurement, all the monitoring wells in the catchment were measured, and no rising of the groundwater table was found at the time. It can be seen that a strong hydrological heterogeneity of soil water content existed at all depths across the catchment. A dramatic change happened at the depth of 200 cm, where a layer with relatively higher bulk density and lower permeability exists.
Soil Water Content at the Hydrohill Catchment
Different from the unsaturated zone at the Nandadish catchment, which is composed mainly of the quaternary deposit with a thin organic soil layer at the surface, the infilled soil at the Hydrohill was an organic silt loam taken from a nearby farmland.
To illustrate the spatial distribution of soil moisture with strong hydrological heterogeneity, two datasets from 1986 and 2014 with similar measurement sites (Fig. 14a ) are used here for comparison. The 1986 data were measured using a neutron moisture gauge, while the 2014 data were measured using FDR sensors (PR2 model from the Delta-T Devices, with a precision of ±0.04 m 3 m −3 in the temperature range from 0 to 40°C). Figure 14 shows that in both cases, strong heterogeneity of the soil water distribution existed across the Hydrohill (Fig. 14b and 14c ).
Hydrological Heterogeneity during Rainfall-Runoff Events
Hydrological Heterogeneity from Rainwater to Soil Water and to Groundwater during Rainfall Events
Through numerous rainfall events with spatial distributions of d 2 H, d 18 O, and other measured parameters, it was found that once a rainfall with a uniform spatial distribution in isotopic and hydrochemical signatures across the entire Hydrohill fell onto the ground, the uniform input of infiltrating rainwater quickly turned into a spatially heterogeneous distribution. Such heterogeneity increased with soil depth until the groundwater table, where it was often attenuated by the underlying saturated zone, with its hydrological heterogeneity in general being weaker than that of the overlying Fig. 13 . An example of the spatial distribution of soil moisture content (% v/v) at depths of 30, 60, 90, 120, 150, 200, 250, 300, 350, 400 , and 500 cm below the land surface in the Nandadish catchment. This example was measured after an event rainfall of 12.8 mm occurred on 12 Mar. 1982. The soil water content map was generated using ordinary kriging from the data points collected from 34 neutron gauge access tubes (as shown in Fig. 2e) ; bedrock shows the depth at which the bedrock was measured.
unsaturated layers. An example showing such a development of hydrological heterogeneity is shown in Fig. 15a for d 18 O (‰) and in Fig. 15b for apparent electrical conductivity. It shows (i) the spatially homogeneous distribution of an event rainfall, turning into (ii) the spatially heterogeneous soil water content in layers at the 15-, 45-, and 85-cm depths below the ground surface, and then changing into (iii) the less spatial heterogeneous groundwater, showing an attenuated distribution compared with that of the overlying unsaturated layers. However, such development of hydrological heterogeneities in soil profiles have different patterns depending on both the pre-event status of the soil water distribution and precipitation characteristics.
Such a heterogeneity development was certainly influenced by different runoff components with their different generation mechanisms as discussed above. Nevertheless, a hydropedological factor appears to be the "initiator" for such diversified heterogeneities.
Hydrological Heterogeneity of Soil Water during Rainfall Events
The soil water appears indisputably the protagonist during rainfall-runoff processes; however, it possesses the strongest heterogeneity among all water components involved in the catchment water cycle. Figure 16a shows the temporal development of soil water d 18 O (‰) with depth to 15, 45, and 80 cm below the ground surface. It seems that every site has its own temporal variations, with different tendencies depending on seepage velocity. For instance, 32 h after the enriched rainfall, there was an enrichment of d 18 O at only four sites (no. 14, 20, 26, and 31) at the 15-cm depth (Fig. 16a) , revealing mostly that the d 18 O-enriched rainwater from the first rainfall event of 36 mm had arrived sporadically at the 15-cm layer within ?20 h, while this enriched rainwater had not appeared at the underlying 45-and 80-cm soil layers. It also shows that the first event rainwater with enriched d 18 O of about −1.5 to −2.0‰ arrived at most monitoring sites at all depths ?56 h later. The variations after the second rainfall event were Fig. 15 . Development of hydrological heterogeneity from incoming rainwater to the unsaturated zone at different depths and to the saturated zone (from left to right) at the Hydrohill during a rainfall event that occurred on 2 July 2016: the spatial distribution of 18 O in rainwater, soil water at depths of 15, 45, and 85 cm below the soil surface, and the groundwater (upper); and the spatial distribution of apparent electrical conductivity (EC) in the corresponding waters (lower).
different from that of the first event: it promoted an enrichment of soil water at all of the sites across the catchment, as illustrated in Fig. 16b , where the spatial variation in soil water d 18 O throughout the entire Hydrohill at different measurement times is shown.
6 Hydropedological Factors as "Producer" of Puzzles
The Rainfall-Runoff Puzzle
The response of runoff components during a storm event of constant intensity is illustrated in Fig. 17a , where the sequence of the time of appearance of various runoff components as well as runoff amount are classically considered as follows: overland flow ® subsurface interflow ® groundwater flow.
From the total of 375 measured rainfall-runoff events (i.e., the rainfall events that induced any kind of runoff components) during 1982 to 1995 at the Hydrohill, many events had both sequences of runoff appearance time and runoff amount that corresponded to the classical conception as shown in Fig. 17b . However, many puzzles of runoff composition have also been observed, as illustrated in Fig. 17c and 17d. The distribution of the event shown in Fig. 17c had the same time of appearance sequence as that of Fig. 17a and 17b , but the runoff amount sequence is reversed, i.e., interflow from the unsaturated zone > groundwater flow > overland flow. In Fig. 17d , the sequence of time of appearance of overland flow and interflow from the unsaturated zone was reversed, with the interflow at 30 cm appearing before the surface runoff occurred. The causes of these puzzles are mainly twofold: (i) surface runoff is not always the dominant factor in catchment hydrological processes, and (ii) the subsurface contribution sometimes can dominate catchment runoff. Consequently, surface runoff is a result of the initial spatial distribution of soil water prior to the rainfall event as well as storm characteristics.
Based on the 375 measured rainfall-runoff events at the Hydrohill, four broad patterns of rainfall-runoff components can be identified ( Fig. 18 ):
1. Surface S type is dominated by surface runoff during an entire precipitation event, including three sub-patterns: (i) only surface runoff, as happens during a snowfall event (Fig. 18a) ; (ii) surface runoff plus interflow from the unsaturated zone, but no groundwater flow from the saturated zone (Fig. 18b) ; and (iii) surface flow together with subsurface flows from both the saturated and the unsaturated zones ( Fig. 18c and 18d ).
2. Subsurface SS type is dominated by subsurface flows during an entire precipitation event, as shown in Fig. 18f and 18g . It is interesting to see that the subsurface-dominated SS type that happened as in Fig. 18f during the main rainy season of the study area, July to September, with rain durations >15 h and low intensities of <0.2 mm min −1 , whereas Fig. 18g happened during a snowfall event.
3. Intermediate M type is composed of surface and subsurface flows with largely similar contributions from each (Fig. 18e ).
4. Variation V type is composed of switching types of S and SS during an event and vice versa, e.g., the SS type at the beginning of the runoff process in Fig. 18e that quickly shifted to S type after rainfall at ? 100 h.
It is worth noting that up to now, no single pattern with only surface runoff has happened in any runoff response from rainfall events at the Hydrohill but only for snowmelt events as shown in Fig. 18a . This reveals that for any rainfall events, surface runoff will certainly be associated with a subsurface response in the study area (i.e., they are like twins, with indispensable roles from the soil).
For the 375 measured events, approximately 48% were of the S type, i.e., surface runoff dominated, about 33% were of the SS type, and the others were M or V types.
The Pre-event (Old) Water Puzzle
Existence of Pre-event Water in all Runoff Components
Based on water tracing of runoff responses from rainfall events, there is almost always some pre-event water not belonging to the event rainfall. Event rainfall breeds event runoff, but the runoff is not all from the rainfall event.
We summarized our experimental data from 1986 to 1989 for the amount of pre-event water that has been tied up in the unsaturated zone (Table 1) and was activated and released by incoming new rainfall by the different generation mechanisms discussed above. The occupancy of pre-event (old) water within the different runoff patterns (S, SS, M, and V types) accounted for 0 to 36, 47 to 77, 21 to 75, and ?60%, respectively, based on the events with water isotope tracing data (Table 1) .
Due to the existence of pre-event water, deviation from the classical concept of hydrograph separation is clear: a hydrograph has hysteresis as shown in Fig. 19 , and this appears distinct in Fig. 19a from the Hydrohill with the small drainage area of 512 m 2 , while in a larger natural catchment such a hysteresis may be attenuated as shown in Fig. 19b with a drainage area of 82.1 km 2 . Figure 20 illustrates various runoff components in the Nandadish catchment, showing the mixture of event water and pre-event water in different runoff components based on the signatures of water isotopes. What is interesting is that the "rainfall producing event water" and the "rainfall activating pre-event water" (Weiler et al., 2003) are always released together (coupled), as shown in Fig. 20 . 
Pre-event Water Rapid Mobilization Paradox
Kirchner (2003) first recognized a double paradox in catchment hydrology and geochemistry, i.e., Paradox 1 that refers to the rapid mobilization of old water and Paradox 2 that relates to the variable chemistry of old water and event water. He asked: "How do these catchments store water for weeks or months, but then release it in minutes or hours in response to rainfall input?" (Kirchner, 2003) .
Interestingly, such scenarios have happened in all runoff components in response to event rainfall in our experimental catchments (see examples in Fig. 20) . It shows that event and pre-event waters in all runoff components come almost simultaneously. Based on various generation mechanisms for different runoff components, it appears that once the pre-event (old) water being stored and restricted in soils is activated by event rainfall, it will soon become Fig. 18 . Various patterns of runoff components after (b-f ) rainfall or (a,g) snow based on observed data at the Hydrohill (adapted from Gu and Freer, 1995) , where SR is surface runoff and SR1 to SR3 are subsurface runoff from troughs at 30-(SSR30), 60-(SSR60), and 100-cm (SSR100) depths: (a) S type: only surface runoff during a snowfall event; (b) S type: surface runoff plus interflow from the unsaturated zone, but no groundwater flow from the saturated zone; (c,d) S type: surface flow together with subsurface flows from both the unsaturated zone and saturated zones; (e) V type: composed of switching types from SS to S; (f ) SS type: dominated by subsurface flows; and (g) SS type: dominated by subsurface flows during a snowfall event.
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inseparably paired with event water, forming mixed water in runoff components.
In Fig. 20 , surface runoff and subsurface runoff processes are shown separately with their corresponding proportions of pre-event water. For the S type, the pre-event water accounts for 9 and 24% of the total amount of surface runoff and subsurface flow, respectively, whereas for the SS type, that becomes 11 and 89%, respectively (Gu et al., 2010) . This implies that even in a catchment with an average soil depth of 2.46 m (as in the Nandadish), large volumes of preevent water ("old" water) are stored and released promptly by appropriate event input.
The Pre-event (Old) Water Hydrochemical Puzzle
The second paradox suggested by Kirchner (2003) relates to the variable chemistry of old water, i.e., baseflow and stormflow may both comprise mostly old water, but they often have different chemical signatures according to different flow regimes. What seems even more paradoxical from our experiments at the Hydrohill is that the different measured ion processes in surface runoff varied so significantly at an hourly timescale and then maintained the variations in the surface runoff processes (Gu et al., 2007) . For instance, there were 10 runoff peaks during ?30 h from variable intensities of rainfall shown in Fig. 21a , but the dissolved solutes varied with surface flows (Fig. 21c-21j ). Especially the concentrations of anions Cl − and F − and cations K + , Ca 2+ , Mg 2+ , and SiO 2 rose following the rise of surface runoff and vice versa ( Fig. 21c-21h) . However, the processes of Na + and SO 4 2− ( Fig. 21i and 22j ) appeared to have different responses than the other ions. The explanation maybe that "not all 'old' water is the same" (Kirchner, 2003) .
The Unsaturated Flow Puzzle
The Puzzling Behavior of Interflow
In various runoff components induced by rainfall events, the behavior of interflow from the unsaturated zone may be the most elusive. Some of its variations that were seen in rainfall events still need further work to probe into its hidden mechanisms. Two examples here are the pH variation from two events during 1989 and 2013 and that of the concentrations of SO 4 2− and Cl − from an event in 2013 (Fig. 22) . In Fig. 22a and 22b , surface runoff appears to follow with event rainfall, but interflow in Fig. 22a follows the surface runoff during the first hours and then suddenly changes with processes contrary to the surface runoff and rainfall. In Fig.  22b , the interflow from the shallow layer (IF1, collected from the 0-30-cm trough) followed surface runoff but the interflow from a deeper layer (IF2, from the 30-60-cm trough) did not. Both IF1 and IF2 had significant variations in SO 4 2− and Cl − concentrations compared with those of the surface runoff and rainfall. This reveals that the odd individuations of interflow seem not only driven by rainfall input but also probably by multiple processes such as biophysical processes including respiration in soil layers (Grayson et al., 1992; Nimick et al., 2005) .
Flow Behavior in a Special Debris Catchment with No Soil as Comparison
Before the construction of the concrete aquiclude of the Hydrohill, the entire andesitic hillslope was first excavated to fresh bedrock with an area of ?4700 m 2 , which was initially prepared for three artificial catchments (but later the planned Hydrohills 2 and 3 were cancelled), so we used this area to set up a special catchment called the Morningglory just outside the established Hydrohill. It was filled up with debris to ?1 to 2 m in depth with materials dug from the excavation of the andesitic hill. It became a special catchment with a drainage area of 4573 m 2 , with no soil but the original geological deposit and debris obtained during excavation. In this catchment, therefore, no surface runoff can develop and no saturated zone can be formed. The total runoff measured at the Morningglory was only the interflow from its unsaturated infilled deposit. Temporal variations in pH in the various runoff components together with rainfall for an event in 1989 is illustrated in Fig. 22a , which appears to have only a few variations in the Morningglory catchment compared with all other runoff components at the Hydrohill from the same rainfall event. Lysimeter 3 (L3 in Fig. 1 ) with a drainage area of 4 by 8 m was also constructed simultaneously and filled with the same soil as that at the Hydrohill, having the same depth of ?1 m. It served as a unitsoil-body of the Hydrohill. As expected, the pH variation of the interflow in this lysimeter was similar to that of the Hydrohill. Another small lysimeter (L1 in Fig. 1 ) with an area of 1 m 2 , was simultaneously filled with the same soil as that at the Hydrohill, which was saturated and served for measuring evaporation potential. Again, as expected, the pH variation in the subsurface flow in Lysimeter L1 was similar to that of the groundwater flow at the Hydrohill. It is clear that all the complex patterns in all of the runoff components at the Hydrohill were attributable to the existence of the unsaturated zone.
Summary and Concluding Remarks
Why has hydrology as a natural science been long haunted by its fundamentals such that catchment hydrology remains theory limited and is seemingly in a dead-end track? There have been many causes attributed to such a complex situation, among which is the hydrological maze discussed here that includes enormous heterogeneity, ubiquitous nonuniform flow, nonlinear and non-additive behavior, complexity of runoff generation and its components, and various hydrological paradoxes or puzzles.
For tracing the hydrological maze and ultimately developing new hydrological theory, it is undoubtedly desirable to place our hopes on watershed experimentation and hillslope monitoring. On the basis of the zigzagging experiences from Chinese hydrologic experimental studies during the last decades, a transition to combined experimental systems and physical models would be desirable. Using natural and artificial catchments in the Chuzhou Hydrology Laboratory in China, we showed that the soil is the gremlin, the key to revealing the hydrologic maze. Based on this review from our decades of research since the 1980s and up until recent years, we conclude the following based largely on the monitoring data collected from the artificial catchment Hydrohill and the natural catchment Nandadish:
p. 24 of 27 1. Hydropedological factors play the role of "creator" in runoff composition and runoff generation. From the 375 events measured during 1982 to 1995, the overall averaged contribution of direct interflow from the unsaturated zone at the Hydrohill accounted for 27% of the total runoff. Whereas for a typical year with annual precipitation close to the annual mean precipitation in the study area, the contribution of direct interflow was 42%. Among the 11 types of runoff mechanisms discussed in this study, at least six of them (i.e., LI, EI, MI, ES, MS, and RS) were directly related to the complexity in the unsaturated zone.
2. Hydropedological factors play the role of "originator" of hydrological heterogeneity. The spatial variation in soil moisture at the artificial Hydrohill and the natural Nandadish catchments existed in various layers from the surface down to the bedrock. Even if the event rainfall falls onto the catchments with a uniform areal distribution of both isotope and ions, such uniform distribution will quickly turn into a spatially heterogeneous distribution once rainwater enters into the soil. The degree of such heterogeneity increases with soil depth and is then attenuated by the underlying saturated zone. Even at the small Hydrohill with artificially infilled, relatively uniform soils, hydrologic dynamics remained spatially variable.
3. Hydropedological factors play the role of "producer" of hydrological puzzles. Event rainfall breeds event runoff, but not all from the rainfall event. Pre-event (old) water within different types of runoff patterns (S, SS, M, and V types) accounted for 0 to 36, 47 to 77, 21 to 75, and ?60% of the total runoff, respectively, based on 1986 to 1989 rainfall events with water isotope tracing data collected from the Hydrohill. There is almost always some pre-event water not belonging to the event rainfall that is mixed with incoming rainfall water. The double paradox revealed at the study catchments showed (i) rapid mobilization of old water and (ii) variable chemistry of old water and event water.
From the main results as summarized in this review, it is obvious that there remain many questions to be answered that provide good starting points for further revealing the hidden mechanisms in the black box of watershed hydrology. The whole Hydrological Experimental System (HES) combining water tracing, geophysical methods, laboratory tests, and modeling could shed further light on the complexity of the hydrologic maze.
